Introduction
HIV infection causes severe destruction of various immune cells that leads to AIDS-associated opportunistic infections and malignancies. CD4 + T cells are the main cell type targeted by HIV and the most profoundly affected. However, not all CD4 + T cells are equally affected. Memory CD4 + T cells are more permissive to HIV than are naïve CD4 + T cells [1] [2] [3] [4] . Among memory CD4 + T cells, central memory cells, transitional memory cells, and memory stem cells have been reported to harbor significant proportions of HIV proviral DNA [5] [6] [7] [8] [9] . Aside from the differential infection of CD4 + T cells at distinct maturation/ differentiation stages, the functional polarization of CD4 + T cells also influences susceptibility to HIV and HIV-mediated depletion. In addition to long-studied Th1 and Th2 subsets [10] , many other functional Th subsets have been reported, including Th17, Th9, Th22, and T reg cells [11] [12] [13] [14] . The Th1 subset is characterized by IFN-g synthesis and expression of the T bet transcription factor. Many of the Th1 cells secrete the CCR5 ligands MIP-1a, MIP-1b, and RANTES. These chemokines are potent inhibitors of R5-tropic HIV, and their autocrine production renders the Th1 cells more resistant to the virus [15] [16] [17] [18] . The Th2 subset expresses the GATA-3 transcription factor and synthesizes cytokines, such as IL-4 and IL-13, important for B cell responses and immune defense against extracellular bacteria and parasites. The Th2 subset defined by the CCR4 + CCR6
2 phenotype expresses more CXCR4 than CCR5 and, thus, is relatively resistant to most HIV isolates that are R5-tropic [19] [20] [21] [22] . Compared with Th1 and other Th subsets, Th17 cells are more susceptible to HIV and are severely depleted during infection [15, [23] [24] [25] [26] . Th17 cells secrete the defining cytokine IL-17, serve as an important mediator of inflammation caused by bacterial and fungal pathogens, and are enriched in the gut-associated lymphoid and mucosal tissues [27, 28] . Th17 cells in the blood of HIV-infected patients have been found to harbor greater proportions of proviral DNA and HIV Gag-expressing cells as compared with the other Th subsets [20, 29, 30] , although increased IL-17 production by Th and CD4 2 T cells has been reported in patients with HIV [31] . Th17 cells are also more permissive to HIV infection in vitro [15, 20, 23, 29] . The greater susceptibility of Th17 cells is associated with the higher expression of HIV receptors CD4, CCR5, CXCR4, and a4b7 and the lack of anti-HIV CC-chemokine production by these cells [15] . Lower expression of HIV-inhibitory RNases also renders Th17 cells more permissive to HIV infection [32] . Because of the critical role of IL-17 in maintaining epithelial tight junctions in gut mucosal tissues [33] , the Th17 loss is thought to cause destruction of the gut mucosal barrier and increase microbial translocation that leads to HIV-associated immune hyperactivation [34] [35] [36] [37] . Interestingly, the Th17 loss is more prominent in the gut specimens than in the peripheral blood or bronchoalveolar lavage from HIV-infected subjects [15] . Th17 cells are also depleted in the intestinal mucosal of macaques infected with pathogenic SIV [38, 39] , and restoration of Th17 cells by administration of IL-21 alone or with probiotic therapy to the SIV-infected monkeys has been reported to alleviate immune hyperactivation and systemic bacterial translocation associated with disease progression [40, 41] . Nonetheless, the reasons for Th17 susceptibility to HIV-mediated depletion are not fully understood. A better understanding about the mechanisms and factors contributing to Th17 depletion and preservation is essential to protect this important but highly vulnerable Th subset from HIV.
In our earlier studies [15] , we used an in vitro system to evaluate the effects of HIV infection on Th17 and Th1 cells within the same cultures and recapitulated the ex vivo observation of a greater loss of Th17 cells over Th1 cells during HIV infection. These cultures were established using peripheral CD4 + T cells that were stimulated with anti-CD3 and anti-CD28
Abs under the influence of Th17 differentiation cytokines IL-1b and IL-23. In the present study, we evaluated the contribution of allogeneic MDDCs vs. monocytes as APCs in stimulating Th17 and Th1 responses. Further, these APCs were treated with HIV and cocultured with CD4 + T cells to evaluate the effects of HIV transmission from MDDCs or monocytes to Th17 and Th1 cells within the same cultures. The data demonstrated the distinct effects of HIV transmission from MDDCs vs. monocytes on Th17 cells. Virus transmission from MDDCs led to Th17 decline, whereas infection from monocytes enhanced Th17 responses, even in the face of robust virus replication. These differential activities were associated with reduced Th proliferation and increased caspase-3 activation induced by MDDCs pretreated with HIV but not by HIV-pretreated monocytes. The data implicate the distinct roles of monocyte populations in regulating the Th17 responses during HIV infection.
MATERIALS AND METHODS

Cell isolation and culture
Human PBMCs were isolated from leukopaks from healthy donors by centrifugation through the Lymphocyte Separation Medium (Mediatech/ Corning, Manassas, VA, USA). CD14 + monocytes were isolated from PBMCs by positive selection with anti-CD14-coated magnetic beads (Miltenyi Biotec, Bergisch Gladbach, Germany). This protocol yielded a greater level of purity (99%) than did negative selection, and the cells displayed similar activity to those isolated by negative selection (Supplemental Fig. 1 ). MDDCs were generated by culturing CD14 + monocytes with GM-CSF (10 ng/ml; eBioscience, San Diego, CA, USA) and IL-4 (10 ng/ml; R&D Systems, Minneapolis, MN, USA) for 7 d. The surface phenotypes of the MDDCs and monocytes were assessed by Ab staining to CD14, HLA-DR, DC-SIGN, CD1a, CD1c, CD83, and CD86 (Supplemental Fig. 2A ). To compare their APC functions, the MDDCs and monocytes were also tested for the ability to stimulate allogeneic T cell proliferation and elicit Th1 and Th17 responses to bacterial PGN (Supplemental Fig. 2B 
Statistical analysis
The significance of the data was evaluated using the unpaired or paired 2-tailed t test using a GraphPad Prism software version 6.0 or 7.0 (GraphPad, La Jolla, CA, USA).
RESULTS
Monocytes stimulate Th17 responses better than MDDCs
Previous studies have shown the differential capacity of APCs, such as monocytes, conventional DCs, and MDDCs, to induce Th17 priming upon activation with various TLR ligands [43] . To assess the ability of the different APCs to induce Th17 and Th1 responses in the context of HIV, we established a coculture system in which allogeneic monocytes or DCs derived from monocytes after treatment with GM-CSF and IL-4 (MDDCs) were used to stimulate Th1 and Th17 responses in unfractionated CD4 + T cells from the peripheral blood of healthy donors. Before use in the cocultures, the MDDCs and monocytes were evaluated for surface expression of CD14, HLA-DR, DC-SIGN, CD1a, CD1c, CD83, and CD86 (Supplemental Fig. 1A ). The CD14 expression was down-regulated on the MDDCs, whereas the expression levels of the other markers were up-regulated, consistent with the typical MDDC phenotypes reported previously [44, 45] . Similar to past findings [46] , the MDDCs were also more potent APCs than were monocytes for stimulating allogeneic T cell proliferation. Moreover, in a short-term, 1-d culture, the MDDCs displayed the ability to elicit more robust Th1 and Th17 responses to Staphylococcus aureus PGN (Supplemental Fig. 1B and C). + cells were also detected, albeit at lower numbers than the single-positive populations, and their frequencies were comparable for the 3 culture conditions (Fig. 1D) . Hence, in agreement with past studies [43] , under the allogenic conditions tested here, and in the absence of additional stimuli, monocytes were better stimulators of IL- (Fig. 2B) . A previous study [50] showed that HIV induces the PD-1/PD-L1 inhibitory pathway on MDDCs to impair the ability to stimulate T cell proliferation, but it is unknown whether monocytes are similarly affected. The expression levels of HLA-DR and PD-L1 were much higher in MDDCs than they were in monocytes, whereas CD86 expression was comparable in the 2 cell types. HIV increased HLA-DR on monocytes but induced a slight decline on MDDCs. A similar pattern was seen with CD86, although the differences were not significant. In contrast, HIV further enhanced the high PD-L1 expression on MDDCs and did not alter PD-L1 expression on monocytes. These data show that HIV has distinct effects on MDDCs as compared with monocytes ( Fig. 2C) . HIV induces up-regulation of the activation markers HLA-DR and CD86 on monocytes but not on MDDCs. In contrast, HIV dramatically increases the expression of the negative regulatory molecule PD-L1 on MDDCs but not on monocytes. These results suggest that HIV may differentially affect the ability of MDDCs and monocytes to stimulate functional Th responses.
HIV-treated MDDCs reduce Th17 responses, whereas HIV-treated monocytes enhance Th17 responses
To compare the ability of MDDCs vs. monocytes pre-exposed to HIV to stimulate Th17 and Th1 responses, we incubated MDDCs and monocytes with HIV for 2 h, washed the cells to remove free virus, and cultured them with CD4 + T cells. CD4 + T cells were enriched from PBMCs of uninfected donors. MDDCs or monocytes were treated with HIV-1 R5 tropic SF162 (Fig. 3) .
Cultures of CD4 + T cells with mock-treated monocytes and
MDDCs from the same donors were maintained in parallel for comparison. As in Fig. 1 (Fig. 3C and D) . IFN-g + CD4 + T cells were unaltered, indicating the specific effects on Th17 cells. Given that the virus stock was produced in PHA blasts, we wanted to rule out the potential effect of PHA on Th17 responses by treating monocytes with supernatants from PHA blasts containing virus or no virus before coculture with CD4 + T cells. Only HIV treatment of monocytes increased the frequencies of IL-17 + CD4 + T cells (Supplemental Fig. 3) .
To evaluate whether the addition of monocytes to infected CD4 + T cells would also enhance the Th17 responses, the CD4 + T cells were infected with cell-free virus and then cultured with untreated monocytes. Under this condition, no Th17 increase was observed. In fact, the Th17 responses declined, and the Th1 responses increased proportionally ( Fig. 3E and F) . To better visualize the changes in Th17 and Th1 responses under the different experimental conditions, the fold changes of Th17 or Th1 frequencies in cultures with HIV over those without HIV were calculated (Fig. 3G) . The data clearly show the specific effects of HIV-treated MDDCs and cell-free virus infection in depleting Th17 responses and the unique activity of HIV-exposed monocytes in augmenting IL-17 responses. 
Memory CD4 + T cells contribute to the enhancement of Th17 response by HIV-exposed monocytes
High levels of HIV-infected p24 + cells are present in the Th cultures with HIV-treated monocytes
Although MDDCs and monocytes are largely refractory to HIV infection, these cells can efficiently capture and transmit infectious HIV to Th cells [51] [52] [53] . To determine the extent of HIV trans-infection to Th cells in the different cocultures, the numbers of HIV Gag p24 + CD4 + CD3 + cells were measured by intracellular staining with the anti-p24 mAb KC57-RD1 and analyzed along with IL-17 and IFN-g expression by flow cytometry (Fig. 5A and B) . The frequency of total p24 + CD4 T cells was highest in the coculture with HIV-treated monocytes (7.0%) as compared with the other 2 cocultures (1.3 and 2.4%). This pattern was observed consistently in all cultures from multiple donors (Fig. 5C) (Fig. 5D ).
Taken together with the data in Figs. 3 and 4 , these results demonstrate that HIV-exposed monocytes enhanced and sustained Th17 responses, even when a significant fraction of the Th17 cells were infected by the virus. In contrast, Th17 cells declined upon virus trans-infection from MDDCs. Hence, HIV transmission from MDDCs, but not from monocytes, contributes to Th17 decline. These results implicate important differences between Th17 cells induced in the presence of MDDCs vs. monocytes that affect the survival of these Th cells during HIV infection.
Treatment with HIV envelope gp120 is sufficient to induce monocytes to augment Th17 responses
To evaluate whether the different strains of R5-tropic and X4-tropic HIV mediate the Th17-enhancing activity, monocytes were treated with R5-tropic viruses SF162, JRFL, and REJO, or an X4-tropic virus MN. As compared with mock-treated monocytes, monocytes treated with each of the R5-tropic viruses increased the frequencies of IL-17 + CD4
+ T cells ( Fig. 6A and 6B) , and a fraction of these cells were p24 + (Fig. 6C) . Similar enhancement was seen with IL-17 + T cells in the cocultures with X4-tropic MN-treated monocytes, although p24 + cells were not detectable in these cultures. These data indicate that enhanced Th17 responses can be induced by monocytes upon R5-tropic or X4-tropic HIV exposure, and the enhancing activity is independent of virus infection.
We further showed that the treatment of monocytes with the HIV envelope gp120 proteins (R5-tropic SF162 or X4-tropic MN) was sufficient to enhance Th17 responses, and this activity was similarly induced by the anti-CD4 mAb OKT4 and the natural CD4 ligand IL-16 (Fig. 6D) . Further, HIV-induced enhancement of Th17 responses could be blocked by anti-gp120 mAbs directed to the CD4 binding site (NIH45-46) and the V3 loop (447-52D) (Fig. 6E) . The mAb to the V1V2 loop (2158) caused only partial blockage. These data indicate the importance of HIV gp120 interaction with CD4 and possibly the chemokine receptors in triggering the monocytes to augment the Th17 responses.
HIV-treated MDDCs reduce CD4
+ T cell proliferation and increase apoptosis, whereas HIV-treated monocytes induce CD4 + T cell proliferation without increasing apoptosis
We postulate that the distinct effects of virus-treated MDDCs vs. virus-treated monocytes on the expansion of Th17 cells may be attributed to their differential capacity to induce T cell + T cell proliferation in the cocultures with HIVtreated MDDCs was lower than that in the untreated MDDC cocultures (Fig. 7A and B) . These results were consistent with previous findings showing inhibition of T cell proliferation by HIV-infected MDDCs is in part due to the virus Env and Tat activities [50, 54, 55] . In contrast, HIV-treated monocytes enhanced T cell proliferation as shown by higher percentages of CFSE lo CD4
+ T cells in the cultures with virus-treated monocytes as compared with those with mock-treated monocytes (Fig. 7A  and B) . To examine whether apoptosis was also differentially induced in the CD4 + T cells cultured with virus-treated MDDCs vs. monocytes, we analyzed the relative levels of active caspase-3 expressed by the CD4 + T cells in the cocultures using the fluorescent caspase-3 inhibitor Z-DEVD-FMK (fluoromethyl ketone-derivatized peptide). Because CD4 expression is downregulated after HIV infection, we measured the levels of active caspase-3 in CD4 
DISCUSSION
This study evaluated the effects of HIV on the ability of MDDCs and monocytes to stimulate Th17 and Th1 responses. As reported previously [43] , our results confirmed that monocytes are more-potent APCs in stimulating Th17 responses than are MDDCs. More remarkably, however, this study demonstrated that HIV induced the monocytes to further enhance the Th17 responses. In contrast, HIV decreased the frequencies of Th17 cells, especially the single-positive IL-17 + cells, stimulated by MDDCs. The molecular basis for these differential activities is not fully understood; however, we observed distinct alterations in the expression of the regulatory molecules HLA-DR, CD86, and PD-L1 on MDDCs vs. monocytes upon HIV exposure. Thereby, HIV treatment of monocytes increased the stimulatory molecules HLA-DR and CD86, without up-regulating PD-L1. Correspondingly, virus treatment of monocytes enhanced CD4 + T cell proliferation without increasing caspase-3 activation. On the other hand, HIV induced MDDCs to up-regulate the negativeregulator PD-L1. HIV exposure also reduced the ability of MDDCs to stimulate CD4 + T cell proliferation and increased the activation of the apoptosis-inducing caspase-3. These data are in agreement with a previous study [50] showing that HIV + cell frequencies in the cultures with monocytes treated with virus 6 Abs. SF162 virus was preincubated with mAbs against the CD4-binding site (NIH45-46), V3 (447-52D), V2 (2158) of the HIV envelope gp120 or with a control Ab (1418). Means 6 SE from at least 2 independent experiments are shown. P values were calculated using the paired t test. *P , 0.05. compromises the ability of MDDCs to stimulate T cells, which is in part due to the induction of the PD-1/PD-L1 coinhibitory pathway by the HIV Tat protein.
The mechanisms by which HIV induces monocytes to confer the Th17-enhancing activity also remain unclear. The present study indicates that this activity does not require productive HIV replication and can be induced by the interaction of the virus envelope gp120 with its receptors. Th17 enhancement was triggered by R5-tropic virus that resulted in transmission to CD4 + T cells as well as by the nontransmitted X4-tropic virus. Similar to HIV, dead or live Streptococcus pneumonia, Candida albicans, Staphylococcus aureus, and microbial products, such as LPS and PGN, have been shown to augment the induction of Th17 responses [43, 49, 56] . The HIV single-strand RNAs and the HIV Tat protein have also been shown to engage TLR8 and TLR4 on myeloid cells, such as monocytes, macrophages, and MDDCs [50, 57] . However, our data demonstrated that the HIV-envelope glycoprotein gp120 was sufficient to induce the monocytes to augment Th17 responses. The CD4 engagement by an Ab or the ligand IL-16 was also able to enhance Th17 responses. Further, the Th17-enhancing activity was abrogated by pretreating the virus with anti-HIV-envelope Abs. Abs against the CD4-binding site and the V3 loop displayed an equally potent inhibitory activity, suggesting that the Th17-enhancing activity may be triggered via multiple receptors, including CD4 and the chemokine receptors.
In agreement with past in vitro and ex vivo data from our laboratory and others [15, 20, 58] , the present study provided further supporting evidence for the preferential targeting of Th17 cells over Th1 cells by HIV. Notably, although Th1 cells were .10-fold more abundant in the cultures than were Th17 cells, higher rates of infection were seen among Th17 cells than among Th1 cells. The same results were observed whether the virus transmission occurred from monocytes or MDDCs or from cell-free virions. These findings are consistent with ex vivo data showing the greater levels of HIV proviral DNA burden among CCR6 + Th cells enriched with Th17 and Th1/Th17 lineages and the preferential loss of these Th populations in HIV-infected subjects on or off antiretroviral therapy [20, 30, 58, 59] . Our earlier studies showed that the preferential targeting of Th17 cells was determined at the entry stage of HIV infection and correlated with higher binding of the HIV envelope to CCR6 + Th17-enriched cells [15] . Indeed, the CCR6 + CD4 + T cells expressed higher levels of the virus receptors, including CD4, the chemokine receptors, and a4b7 than the CCR6 2 counterparts, and the enhanced virus envelope binding to the CCR6 + CD4 + T cells was abrogated by Abs against b7. In addition, CCR5 ligands with potent HIV fusion-inhibiting activities were endogenously expressed by Th1 cells but not by Th17 cells, further contributing to the differential susceptibility of Th1 and Th17 to HIV [15, 58, 60] .
Whether differences at postentry stages also have a role in promoting HIV replication in Th17 cells over Th1 cells remains controversial. Infection with HIV pseudotyped with the vesicular stomatitis virus G envelope in vitro resulted in higher numbers of infected cells among Th17-and Th1/Th17-polarized cells as compared with those polarized toward Th1 or Th2 [30] . However, the enhanced susceptibility was not as marked as that seen with HIV bearing the native R5-or X4-tropic envelopes [20, 30, 61] . As compared with Th1 cells, Th1/Th17 cells also exhibited a distinct transcriptional profile that may favor HIV replication, although one of the transcription factors expressed at higher levels in Th1/Th17 cells was the nuclear receptor peroxisome proliferator-activated receptor-g [61] , a negative regulator known to restrict HIV replication [61] [62] [63] . A recent study, however, shows that Th17-polarized cells have reduced expression of RNases with known anti-HIV activities [32] .
Although HIV transmission from both monocytes and MDDCs resulted in infection of Th17 cells, the impact on the Th17 cells was distinct. HIV trans-infection from MDDCs led to the decline of Th17 responses similar to that observed in infection with cell-free virus [15] , whereas transmission of virus from monocytes augmented Th17 responses. Expressing high levels of DC-SIGN, MDDCs are known to efficiently transmit HIV to Th cells. However, we did not examine specifically the relative efficiency of virus transfer from MDDCs vs. monocytes in the study. Virus transfer from MDDCs may indeed be more efficient but may also increase Th cell death. Indeed, HIVtreated MDDCs suppressed Th proliferation and induced apoptosis. Altogether, these factors are likely to contribute to the fewer infected Th cells (both Th1 and Th17) in the cocultures with MDDCs. It is also not understood how HIV induces monocytes, but not MDDCs, to enhance Th17 responses in the face of productive HIV infection. Adding monocytes to the T cells infected with cell-free virus did not recapitulate the Th17 enhancement. Further, the Th17 expansion was found to arise mainly from memory CD4 + T cells and not from naïve T cells, indicating that HIV-bearing monocytes did not drive Th17 differentiation from naïve T cells. The enhancing effect was not seen with Th1 cells present in the same cultures, indicating the specific activity of HIV-exposed monocytes to expand Th17 cells from memory CD4 + T cells.
The depletion of Th17 cells in the infected Th cell cultures established by stimulation with Abs to CD3 and CD28 plus the Th17-differentiation cytokines was associated with increased levels of activated caspase-3 and caspase-1 in the Th17-enriched cell population [15] , indicating the induction of both apoptotic and pyroptotic programmed cell-death pathways. In this study, the reduction of Th17 cells in the cocultures with virus-treated MDDCs was found to correlate with a reduced Th cell proliferation and an increased activation of caspase-3 essential for triggering apoptosis. HIV-treated monocytes, on the other hand, heightened Th cell proliferation without increasing caspase-3 activation. HIV also induces the up-regulation of PD-L1 expression on MDDCs, whereas monocytes express much lower levels of PD-L1 and HIV does not increase PD-L1 on these cells. The contribution of the PD-L1/PD-1 inhibitory pathway to Th17 depletion during HIV infection needs to be investigated further. Moreover, monocytes should be made of heterogeneous populations with distinct phenotypes and functional properties. This study used total CD14 + monocytes, and the roles of the different monocyte subsets remain to be delineated. For examples, the CD16 + monocytes are a minor subset in the peripheral blood, but they transmit HIV to Th cells more efficiently than do the CD16 2 monocytes and promote virus infection by activating the Th cells via the secretion of CCR3 and CCR4 ligands [64] . Further studies are needed to evaluate whether HIV transmission from CD16 + monocytes to Th17 cells, many of which express the CCR4 receptors, may yield different outcomes from transmission from the more-abundant CD16 2 monocytes or the MDDCs studied here.
Notwithstanding the underlying mechanisms, the effects of HIV transmission from MDDCs and monocytes to Th17 cells suggests the distinct roles of these 2 cell types in determining Th17 responses during HIV infection. Given that Th17 cells predominate in the gut mucosal tissues and interact mostly with DCs in the tissues, the Th17 destruction is likely to prevail in the mucosa. However, Th17 cells may also encounter the occasional HIVbearing blood monocytes, and our data indicate that such interactions would allow virus transmission without incurring Th17 loss. Indeed, the Th17 decline in the peripheral blood is less pronounced than it is in the gut mucosa [65] . The proportions of HIV DNA in the peripheral Th17 and Th1/Th17 populations have also been observed to increase overtime in patients on antiretroviral therapy [30] . Whether virus-exposed monocytes have a role in the maintenance of such cells remains to be determined. At this juncture, very little is known about the roles of monocytes, MDDCs, and other types of APCs in influencing HIV-infected Th17 cell survival vs. death. The study presented herein is a first step toward a better understanding about the interplays between the different types of APCs with Th17 and other Th subsets during HIV infection.
